In the previous paper (17) mutants defective in the ability to make a ring on galactose swarm plates, i.e., mutants in either galactose taxis or transport, or both, were characterized genetically. Each was found to lie in at least one of three genes, called mglA, mglB, and mglC. Complementation of mutants previously identified as having defective galactose-binding proteins showed that mglB is the binding protein gene. Complementation of mutants known to have intact binding proteins but still mutant in the ,8-methylgalactoside (mgl) permease, the system of which the galactose-binding protein forms a part, showed that these lie in mgIA, mglC, or both.
The galactose-binding protein (5) is needed for chemotaxis (12) and transport (5, 7) of galactose. Anraku (5) has shown that this protein may be released from cells by osmotic shock, a procedure that makes the ,B-methylgalactoside permease inactive. The purified protein shows conformational change in the presence of galactose (9, 10, 19) , a property that might be expected for a protein designed to translocate substrate.
The products corresponding to the new genes, mglA, and mglC, have not yet been identified, and, up to the present publications, their roles in chemotaxis were unknown. For transport, additional components besides the galactosebinding protein have been suggested (7) . In this paper, we report assays of chemotaxis and transport for mutants in mglA, mglB, and mg1C. The results confirm the role of the galactose-binding protein and the lack of a requirement of transport for chemotaxis (1) , and they document the role of the mglA and mglC proteins in chemotaxis and transport. (23) , which is galK-, for ability to survive at 42 C (due to transductional loss of X prophage) on EMB galactose plates (see 17 for method of transduction). Light colonies were galKand were about 5% of the total temperature-insensitive transductants. Control experiments showed enhancement of 100-to 1,000-fold in frequency of temperature-insensitive colonies due to the transduction (compared with absence of transducing phage). Chemotaxis assays (2) . Bacteria were grown with shaking at 35 C overnight in tryptone broth and diluted 1:50 into minimal medium containing galactose for growth. Bacteria were harvested at an optical density of 590 nm (OD,90) between 0.25 and 0.40 (OD,90 of 1.0 = 6 x 10' bacteria/ml), centrifuged, and washed by centrifugation three times at room temperature in 10 mM potassium phosphate, pH 7, 0.1 mM EDTA, and finally resuspended in this buffer at OD,,0 = 0.003. A capillary containing attractant (D-galactose or D, L-a-methylaspartate) was placed into a bacterial suspension at 30 C. Bacteria traveled into the capillary and after 1 h were extruded into a test tube and titered (see 2) .
The data were handled as follows: A capillary without attractant was run in this chemotaxis assay and the number of bacteria which entered was taken as the "blank" value. This value was subtracted from those obtained using attractants. Finally, to reduce the effect of day to day variations, the ratio of the response to 1 mM a-methylaspartate by the wild type (typically 90,000 bacteria) to that by the particular strain being assayed was used to normalize the galactose responses. Control experiments were performed to be sure that a-methylaspartate taxis is not affected by mutations in galactose taxis.
Transport assays. Bacteria were grown as for chemotaxis assays except that glycerol and 1 mM D-fucose (10 mM or 100 mM for mglB strains since 1 mM was found inadequate in some cases) was used instead of galactose to induce for mgl permease and bacteria were washed three or four times by centrifugation and resuspended in Vogel-Bonner salts with 0.02% glycerol (suspension medium) at OD,,, = 0.03.
The assay was carried out at 30 C as follows: 100 ,gliters of "4C-galactose was added to 900 1sliters of bacteria (about 1.5 Figure 1 compares chemotaxis to galactose by the wild-type strain and a derivative lacking galactokinase, galK-, the first enzyme for metabolism of galactose. For the wild type, the greatest number of bacteria entered the capillary whose initial concentration of galactose was 3.2 x 10-4 M. At concentrations above and below this, fewer bacteria entered the capillary (see 16 for explanation of optimum). For the galK-derivative, the optimum concentration (peak) was shifted to 10-4 M. In other experiments, the peak concentration of the wild type varied between 10-4 M and 3.2 x 10-4 M and for the galK-derivative between 3.2 x 10-5 M and 10-4 M. Hence, absence of galactose metabolism appears to shift the position of the chemotaxis peak slightly to lower concentrations. Similar experiments were performed with mgl mutant strains, and occasionally but not reproducibly there was a 3.2-fold shift of the peak to lower concentrations in the galK-form. Because the effect was small, the gal+ forms were used since they were the available ones. In analysis of such a chemotaxis experiment, there are two parameters of especial interest: the concentration giving the maximum response (the peak) and the size of the response itself. For comparison of strains, to reduce the effect of day to day variations, the size of the galactose response was standardized by comparison with that of the response to 1 mM a-methylaspartate whose taxis is unaffected by mutations in galactose taxis (see Materials and Methods).
Galactose transport of parent. To compare parent and mutants for transport of galactose and determine the range of concentrations over which the ,8-methylgalactoside permease is the major system conveying galactose into cells, wild-type bacteria were assayed for transport from 10-' M to 5 x 10 -M. only one transport system operates for this range. Figure 2B , which covers concentrations from 10-7 M to 10-5 M shows only this one system. Finally, as shown in Fig. 2C , spanning the range of 3 x 10-6 M to 5 x 10-M, shows the same transport system at concentrations where it is saturated (i.e., operating at maximum velocity). It is apparent that only one transport system, having a Km of 4 x 10-7 M and a Vmax of 73 pmol/assay (per 15 s per 1.5 x 106 bacteria) provides the major route for transport of galactose from 10-8 M to 5 x 10i'-M galactose. A minor transport system also appears to exist, however, but was not measurable in the wild type; see existence of second transport system below.
Bacteria used in the above experiments were capable of metabolizing galactose. However, it made little difference whether cells were gal+ or gal- (Fig. 2) . Only one system, having a Km of 4 x 10-7 M galactose, was detected. It should be noted that at very low concentrations, less galactose accumulation than expected was observed for the galK-strain ( Fig. 2A) . One explanation for this observation is that nonradioactive galactose might leak into the medium, effectively diluting the isotope, more from galK-than from gal+ cells since the latter would metabolize endogenously produced galactose, resulting in a lower internal concentration (22) .
Experiments to show that the assay was linear during the first 15 s are presented in Fig.  3 . This result shows that at 10-8 M Fig. 5B . Class IV. Finally, there is a still different class, for which no representatives were found among the newly isolated mutants, exemplified by strain AW551 (12) . Its main characteristics are (i) no chemotaxis but (ii) normal transport. Figure 6 presents an assay of chemotaxis for strain AW551 and its parent, AW546, and Fig. 7 shows transport assays for these two strains.
Analysis of mglA, mglC, and mglAC mutants. Mutants in mgLA or C, or both, were analyzed for galactose chemotaxis and transport and the results are presented in Table 2 in the analysis of the galK~wild-type strain, may be understood as due to a lower rate of galactose utilization, as a result of the defect in galactose transport. Hence, gradients of galactose at low concentrations are preserved longer during the chemotaxis assay. An example of class I is 0W29, mutant in mglC. Figure 8 shows a chemotaxis assay of this strain and Fig. 9 a transport assay.
At the other extreme, in class II, are mutants severely reduced in both chemotaxis and transport. Figure 8 shows a chemotaxis assay of 0W34, mutant in mglC, an example of class fl.
Finally, at the border between classes I and II are strains having significantly decreased chemotaxis, usually accompanied by very low transport. Figure 8 shows a chemotaxis assay of 0W20, mutant in mglA and an example of a borderline strain. Figure 9 shows a transport assay for this strain.
Existence of second transport system. Several reports indicate that E. coli possess a galactose transport system with a Km in the range 10-6 to 10-5 M. Rotman and Radojkovic (20) found that strain ML32400 had Km'S for galactose uptake at 4.9 x 10-7 M and at 4 x 10-6 M. Kerwar, Gordon, and Kaback (14) found that strain ML3 showed Km's for galactose uptake at 7.4 x 10-7 M and at 9.1 x 10-6 M. In our wild-type strain, we could not detect a second, lower-affinity transport system, and we therefore assumed that if such a system is present, its Vmax must be low relative to that of the ,8-methylgalactoside permease.
In our mutant strains with defective mgl transport, we could test directly for presence of a second galactose transport system. Table 3 shows results of tests of several strains with low mgl permease activity for presence of this sec- (Fig. 8) . OW34 was too low in mgl permease to allow an mgl Km to be determined, but OW21, OW24, OW29, and OW40 showed both an mgl Km (Table 2 ) and a second Km (Table 3) ; thus single strains showed properties of two different systems.
However, several mglB mutants do not show a second transport system despite the fact that their mgl transport systems are only 8 to 14% that of wild type. Thus, the second system depends in some way upon the galactose-binding protein. Figure 10 shows that OW13, a mglB mutant, has only the mgl permease, whose Km is about 4 x 10-7 M galactose and whose Vmax is 8 pmol per assay. DISCUSSION The results presented in this and the preceding paper show that three genes play roles in taxis towards and transport of galactose: mglB, Table 2 . Ameans no system was detected in addition to the mgl permease (see Table 1 ). 117, 1974 which is the structural gene for the galactosebinding protein; and two genes, mglA and mglC, whose corresponding polypeptides are presently unidentified.
The following paragraph is a summary of our interpretations, which will be discussed in more detail below. Chemotaxis requires a binder, the component that recognizes attractant, in this instance the galactose binding protein, which recognizes galactose. In addition, chemotaxis requires a "signaller," the component that detects changes in the binder and sends signals to the flagella to bring about appropriate swimming behavior. "Chemoreceptor" refers to the complex of binder and signaller. Our studies suggest that the signaller responds to changes in the amount of binder-attractant complex. The binder is closely associated with the transport machinery of the cell; indeed it is also the recognition component for transport. These ideas are diagrammed in Fig. 11 .
Interpretation of mglB mutants. The galactose-binding protein (the mglB product) is the binder for galactose taxis based on evidence presented previously (12) , and in addition it is known to be that component of the ,B-methylgalactoside permease that recognizes the galactose (5, 7).
The mglB mutants are basically of four classes, as summarized in Table 4 . The fact that members of each class showed significantly 7 The class III mglB mutant shows that the galactose-binding protein can be altered in such a way that good taxis (adequate interaction with the signaller) is still possible when transport is strongly inhibited. Thus, normal transport of galactose into the cell is not required for galactose taxis.
Since the galactose-binding protein is the binder, it must interact with the signaller. In fact, AW551, the class IV mglB mutant, may be interpreted as being defective only in the interaction of binding protein with signaller. The fact that AW551 is normal for transport is evidence that some feature of the binding protein itself, probably changes in the fraction of the binding protein associated with galactose with time, are monitored by the signallers, rather than transport of galactose into the cell.
Interpretation of the mglA, mglC, and mglAC mutants. At the extreme, these mutants are of two types, as summarized in Table   TABLE 4 The claim (1) that transport of galactose into the cell is itself not required for galactose taxis is confirmed by properties of the class I mglA or C mutants, or both. Many of these strains are highly defective in transport of galactose into the cell but little or not defective in chemotaxis, indicating that chemotaxis does not depend on transport. This result confirms the finding that strain 20SOK-, an mglAC mutant, showed excellent chemotaxis but extremely low transport (1) .
What might be the nature of the mglA and mglC proteins? The fact that there appears to be no difference in kinds of mutants found in each indicates that both proteins play similar roles. In this connection, as pointed out in the preceding paper (17) , it is possible that mglA and mglC mutations lie in the same gene and complement intracistronically. It seems likely that the A and C proteins reside in the cytoplasmic membrane, since galactose must traverse this to get into the cytoplasm. The fact that for most mutants chemotaxis is nearly normal but transport of galactose into the cell is severely damaged indicates that these proteins are primarily involved in transport and only peripherally in chemotaxis.
The type II mglA or C mutants, or both, however, showed severely reduced chemotaxis.
Apparently, sufficiently abnormal mglA or mglC polypeptides can interfere with interaction of the binding protein and the signaller since all these proteins are probably near each other. Thus the mglA and C products appear to be peripherally involved in galactose taxis, although centrally in transport of galactose into the cell.
Signaller AW551) and not found among the mutants isolated in this study, exist. This type is defective in galactose taxis but normal for other taxes tested, including ribose, and is normal in galactose transport. The mutations appear to map where the trg mutants map and because of their rarity may represent a specialized mutation of a trg allele. These mutants may also be defective in proteins that are candidates for being signallers.
The results reported in this investigation indicate that transport of galactose into the cell is not required for galactose chemotaxis. Rather, change in some feature of the galactosebinding protein itself is what is monitored. Most likely, this feature is the fraction of the binding protein that is associated with galactose, based on the following evidence. First, the size of the chemotactic response depends on the change in fraction of binding protein occupied; near the dissociation constant of the binding protein the chemotactic response and the change in fraction of protein occupied are greatest (16) . Second, the peak concentration for various attractants bound by this protein parallels their dissociation constants (16 How does the swimming behavior of bacteria result in chemotaxis? Berg and Brown (6 and manuscript in press) and Macnab and Koshland (15) have shown that when concentration of attractant increases, bacteria swim more and tumble less; when it decreases, the bacteria tumble more and swim less, compared to the relative frequencies in isotropic medium. Thus bacteria headed up the concentration gradient tend to keep going, and bacteria headed the wrong way, down the gradient, tend to tumble so that they may turn around. Hence, in some way, information from the chemoreceptors is sent to the flagella to determine the frequency of tumbling. Macnab and Koshland (15) 
